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Introduction
Proteinaceous filaments, known as P-proteins, accumulate in precise developmental patterns in sieve elements of many angiosperms (for reviews see Cronshaw and Sabnis 1990; Sabnis and Sabnis 1995; Thompson 1999) . In cucurbits, these filaments are composed primarily of an abundant structural protein, the phloem filament protein (phloem protein 1 or PP1), and at least one ancillary protein, the phloem lectin (phloem protein 2 or PP2). In situ hybridization studies indicate that the genes encoding these proteins are co-ordinately expressed in companion cells of differentiating sieve element-companion cell complexes (Bostwick et al. 1992; Clark et al. 1997; Dannenhoffer et al. 1997) . The phloem filament protein initially accumulates in nucleate sieve elements as protein aggregates (P-protein bodies); the P-protein bodies either persist or more commonly disperse, forming immobilized filaments, as the sieve elements become functional. The loss of turgor that occurs when sieve elements are wounded results in the 'plug-like' accumulation of P-protein at the sieve plates, suggesting a role for these proteins as a mechanism for sealing disrupted sieve elements (Eschrich 1975) . Under oxidative conditions, the filaments continue to cross-link, forming an insoluble gel at the surface of the wounded vascular tissue. The gelled matrix of cross-linked phloem filament protein and phloem lectin have also led researchers to speculate about defensive roles for these proteins (Read and Northcote 1983a) .
The mechanism regulating polymerization of P-protein filaments and oxidatively formed gels has been studied extensively using phloem exudates collected from cut stems or fruits. Droplets of cucurbit phloem exudate examined by transmission electron microscopy show masses of fine filaments that resemble those seen in electron micrographs of sieve elements (Kollmann et al. 1970; Kleinig et al. 1971 Abstract. Recent evidence suggests that the P-proteins of Cucurbita maxima exist in at least two structural states: large polymers that are immobilized in individual sieve elements and small polymers or individual subunits that are translocated over long distances. We investigated variation in the structure of the phloem filament protein (phloem protein 1 or PP1) to determine the translocated form of the protein and its relationship to the polymerized state. It was demonstrated that the stability, folding state and assembly of the phloem filament protein rely on distinct intramolecular disulfide bonds. Acid trapping experiments combined with intergeneric grafts revealed that the phloem filament protein is translocated as an 88 kDa globular protein. By altering the pH of the collection buffer (pH 2-10), four individual conformational isoforms of PP1 with molecular masses of 81, 83, 85 and 88 kDa were consistently observed. The 81 kDa isoform represents the totally reduced phloem filament protein, the 83 and 85 kDa isoforms folding intermediates, and the 88 kDa its native soluble translocated form. The 83 and 85 kDa folding intermediates are susceptible to aggregation causing the gelation and formation of P-protein filaments in oxidized phloem sap. In contrast to the 88 kDa globular transport form, the 81, 83 and 85 kDa isoforms possibly exhibit lower stability, and therefore a higher sensitivity to proteolytic digestion.
1975). Upon oxidation, the filaments cross-link and form an insoluble gel that is reversed by the addition of thiol reducing agents; subsequent removal of the reducing agent results in reaggregation of P-proteins (Walker and Thaine 1971; Weber and Kleinig 1971) . The reversible gelation by the addition or removal of thiol reducing agents suggests that the gels are formed by the non-enzymatic oxidation of cysteine residues to form intermolecular disulfide linkages between P-protein subunits (Walker and Thaine 1971; Weber and Kleinig 1971; Read and Northcote 1983a, b) . Under oxidative conditions, purified PP1 monomers form ultrastructurally distinct filaments and gels in the absence of all other exudate proteins (Kleinig et al. 1975) . The PP1 monomer has a calculated molecular mass of 95.4 kDa, although a wide range of apparent molecular masses (M r 80-136 kDa) have been reported (Read and Northcote 1983a; Clark et al. 1997) . The 801-amino acid mature polypeptide contains 14 cysteine residues dispersed throughout four repetitive domains, each containing structural motifs in common with cysteine proteinase inhibitors (Clark et al. 1997) . Read and Northcote (1983a) estimated that approximately 60% of the phloem filament protein in phloem exudates is incorporated into soluble polymers and the remaining 40% is present in the monomeric form. Intergeneric grafting experiments verified that the phloem filament protein exists in a form that is readily translocated in the assimilate stream (Golecki et al. 1998 (Golecki et al. , 1999 . However, it remains to be determined whether the phloem filament protein is translocated as monomers or small polymers and if there is a direct relationship between polymerized P-proteins found in phloem exudates and the filaments observed in electron micrographs of sieve elements.
To determine if manipulation of these proteins in vitro provides an accurate account of phloem filament formation, we isolated phloem exudates in buffers over a wide pH range in the presence or absence of reducing and sulfhydrylmodifying reagents. Acid-trapping experiments combined with intergeneric grafts revealed that PP1 is translocated as a tightly-packed, globular protein that readily forms unstable folding intermediates in response to elevated pH. The folding intermediates expose previously buried sulfhydryl residues that rapidly polymerized the monomers into filaments and amorphous aggregates in vitro.
Materials and methods

Plant material and collection of phloem exudate
Phloem exudate was collected from the distal end of cut stems of 2-3-week-old pumpkin plants (Cucurbita maxima Duch. cv. Big Max) grown in a growth chamber at temperatures between 21°C at night (8 h) and 25°C during the day (16 h), diluted 1:4 (v/v) into ice-cold exudate buffer, and incubated for 30 min on ice. Variations in exudate buffer components are stated each time in the context of specific experiments. If not otherwise indicated, proteins were modified with 60 mM iodoacetic acid for 2 h at 4°C in the dark. The modification reaction was stopped by an additional incubation for 30 min at 4°C with 20 mM dithiothreitol (DTT). Protein concentration was determined by the Bradford assay (Bio-Rad Laboratories, Hercules CA, USA) using bovine serum albumin (BSA) as the standard.
SDS-PAGE and immunoblot analysis
Phloem exudate proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10-18.5% gels (Laemmli 1970) at 4°C. Most experiments used 1.5-mm gels with dimensions of 17.0 × 15.0 cm (30 mA gel -1 ; Model V16 Vertical Electrophoresis Apparatus, Gibco BRL, Grand Island NY, USA) or 8.0 × 7.3 cm (25 mA gel -1 ; Mini Protean II-System, Bio-Rad). Diluted exudate proteins were mixed (1:1, v/v) with sample buffer (20% glycerol, 6% SDS, 0.01% bromophenol blue, 12.5 mM Tris-HC1, pH 7.8) in the presence or absence of 100 mM 2-mercaptoethanol, and incubated on ice for 5 min prior to loading onto the gels. After electrophoresis, the gels were either stained for 20 min at RT with Coomassie Brilliant Blue and destained overnight according to Reissner et al. (1975) , or the proteins were transferred onto nitrocellulose filters (Gibco BRL) by electroblotting in a Mini TransBlot-System (Bio-Rad) using a Tris-glycine buffer (Towbin et al. 1979) . The efficiency of the transfer was judged by a brief staining of the filter with Ponceau-S according to Salinovich and Montelaro (1986) . Polyclonal antibodies against C. maxima PP1 were raised in New Zealand white rabbits, and IgG was purified on protein A columns as described by Clark et al. (1997) . Immunostaining was performed according to Bostwick et al. (1994) with minor modifications. Primary (PP1ab) and secondary (alkaline phosphatase-conjugated goat anti-rabbit-IgG; Jackson ImmunoResearch Laboratories, West Grove PA, USA) antibodies were diluted (1:120 000 and 1:7500, v/v, respectively) in TTBS (500 mM NaCl, 20 mM Tris-HC1 pH 7.5 and 0.15% Tween-20). The immunoreaction was visualized with p-nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt (BCIP).
Influence of pH on conformational isoforms of PP1 under reducing or non-reducing conditions
Phloem exudate was collected as previously described in exudate buffers in the range pH 2-10 (pH 2, 3-100 mM glycine-HC1; pH 4, 5, 6, 7, 100 mM citric acid-Na 2 HPO 4 ; pH 8, 9, 10, 100 mM Tris-HC1) each containing 5 mM EDTA and 1 mM PMSF. Proteins were subjected to multiple modification regimes in each of the exudate buffers: reduction using 20 mM DTT, with and without alkylation of exposed sulfhydryl residues using 60 mM iodoacetic acid, or modification with 60 mM iodoacetic acid, with and without reduction using 20 mM DTT. Phloem exudate proteins (10 µg) from each treatment were mixed 1:1 (v/v) with either reducing or non-reducing sample buffer. Samples were incubated for 5 min on ice prior to loading onto 15% SDS-polyacrylamide gels.
Electron microscopic visualization of phloem exudates
Phloem exudates (5 µL) from 10-d-old C. maxima seedlings were diluted into 20 µL of one of the following precooled buffers: Buffer 1 (100 mM glycine pH 2.0, 20 mM EDTA, 1 mM PMSF), Buffer 2 (100 mM glycine pH 2.0, 20 mM DTT, 1 mM PMSF), or Buffer 3 (100 mM Tris-HC1 pH 8.2, 20 mM DTT, 1 mM PMSF). Diluted samples (2 µL) were placed on Pioloform-coated 200 or 300 mesh grids and removed by capillary blotting with filter paper after 5 s. The proteins remaining on the grid were stained with 2 µL of 1.2% phosphotungstic acid pH 7.2 for 5 s as described by Kollmann et al. (1970) . The stain was removed by capillary blotting with filter paper and the grids were allowed to air-dry for 15 min. Negatively-stained phloem exudate was observed in a Philips EM 420 transmission electron microscope.
Intergeneric grafting
Intergeneric approach grafts of 7-d-old C. maxima cv. Big Max rootstocks and 11-d-old Cucumis sativus cv. Straight Eight scions were made according to Golecki et al. (1998) . Grafted plants were maintained in an environmentally-controlled growth chamber at 25°C and 77% RH. Phloem exudates (5 µL) were collected from the distal portion of cut stems of C. sativus scions, Cucurbita maxima rootstocks, or ungrafted control plants into 20 µL of pre-cooled (4°C) low pH exudate buffer (100 mM glycine pH 2.0, 20 mM EDTA, 1 mM PMSF). Protein quantification, SDS-PAGE and immunoblot analyses were as previously described.
Tryptic digestion of the 88 kDa phloem filament protein
Phloem exudate was collected into exudate buffer (100 mM glycine-HC1 pH 2, 20 mM EDTA, 1 mM PMSF) and incubated for 10 min on ice. Phloem exudate proteins (100 µg) in a final volume of 50 µL were mixed 1:1 (v/v) with non-reducing sample buffer, incubated on ice for 5 min, and separated in a 1 mm preparative 15% SDS-polyacrylamide gel. The gel was stained with Coomassie Brilliant Blue for 5 min, then the staining solution was removed and the gel briefly washed in distilled water. The 88 kDa phloem filament protein was cut out of the gel into 5 mm fragments and renatured by equilibrating the gel fragments for 3 × 10 min either in 500 µL of 50 mM Tris-HC1 pH 8.0 or 50 mM Tris-HC1 pH 8.0 and 20 mM DTT. Following renaturation, the gel fragments were incubated for 10, 30 or 60 min at RT in 200 µL of 50 mM Tris-HC1 pH 8.0 and 200 µg trypsin (Sigma, St Louis MO, USA) or 50 mM Tris-HC1 pH 8.0, 5 mM DTT and 200 µg trypsin, respectively. Digestion was stopped by washing the gel fragments three times in 500 µL of the corresponding renaturation buffer. The gel fragments were equilibrated in either 500 µL reducing or nonreducing sample buffer for 10 min on ice prior loading onto a 1.5 mm preparative 18.5% polyacrylamide gel.
Influence of temperature on the stability of the phloem filament protein
Phloem exudate was collected as previously described into one of three buffers: 100 mM glycine-HC1 pH 2, 100 mM Tris-HC1 pH 8.2 or pH 9.6 each containing 1 mM PMSF and either 20 mM EDTA or 20 mM DTT. Phloem exudate proteins (10 µg) in the respective buffers were mixed 1:1 (v/v) with non-reducing sample buffer and treated for 5 min at either 4°C or boiled at 100°C. The samples were incubated for 5 min on ice prior to loading onto 15% SDS-polyacrylamide gels. SDS-PAGE and immunoblot analysis were performed as previously described.
Results
To examine the intramolecular arrangement of disulfide bonds within the phloem filament protein, phloem exudate was collected into pre-cooled buffers ranging from pH 2 to 10, each containing 20 mM DTT. Exposed sulfhydryl groups of the reduced proteins either remained unmodified or were alkylated by treatment with 60 mM iodoacetic acid. Independent of the pH or modification of exposed sulfhydryl groups, the phloem exudate collected in the presence of 20 mM DTT showed no tendency for gelation or precipitation. This is in contrast to Weber et al. (1974) , who reported the irreversible precipitation of P-proteins solubilized in TM buffer (20 mM Tris pH 7.5; 10 mM 2-mercaptoethanol) with low concentrations of various acids (HCl, acetic acid, TCA, perchloric acid), starting within the pH range 3.4-3.8. Four isoforms (M r 88, 85, 83 and 81 kDa) of the phloem filament protein were identified over the entire pH range in the reducing gel (Fig. 1A, lanes 2-18) . In contrast, only the 88 kDa isoform was present when the protein was isolated in pH 2 exudate buffer, reduced and modified with iodoacetic acid (Fig. 1A, lane 1) . The non-reducing gel revealed that the 88 kDa isoform, independent of whether the phloem exudate was treated with iodoacetic acid, was present in acidic buffers ranging from pH 2 to pH 5 (Fig. 1B, lanes 1-7) . While all of the isoforms were observed in slightly acidic (pH 6) to very basic (pH 10) buffers in the non-reducing gel, the 88 kDa isoform predominated (Fig. 1B, lanes 8-18) . PP1 isoforms were observed only when protein samples were denatured on ice and not boiled prior to SDS-PAGE. Boiling the sample in the presence of a reducing agent resulted in the complete loss of intramolecular disulfide bridges, abnormal aggregation, and pH-dependent degradation (see Fig. 6 ). The addition of reducing agents in the SDS-PAGE loading buffer, without boiling, resulted in further reduction of the globular protein and contributed to the generation of PP1 isoforms, the affect of which was most pronounced in buffers lower than pH 6.0.
Phloem filament protein isoforms rapidly polymerize
To determine if protein folding intermediates expose reactive thiol groups capable of cross-linking and polymerizing the phloem filament protein, phloem exudate was modified with iodoacetic acid in buffers ranging from pH 2 to 10, with or without reduction using DTT. P-proteins isolated in the absence of DTT gelled rapidly when exposed to buffers in the range between pH 3-7. Polymerization was enhanced with increasing pH, and was so complete in samples without DTT that most of the phloem filament protein formed an insoluble gel and was lost from the sample (Figs 2A and B,  lanes 4, 6, 8, 10, 12 ). In the reducing gel, the 88 kDa isoform predominated with very small amounts of the 85 kDa isoform when the phloem filament protein was modified with iodoacetic acid and collected either in the presence or absence of DTT at pH 2, and with DTT at pH 3 ( Fig. 2A,  lanes 1, 2, 3) . At pH 4-5 the 88 and 85 kDa isoforms predominated with a small amount of the 81 kDa isoform ( Fig. 2A, lanes 5, 7) . At pH 6-10 the preference shifted under these conditions almost completely to the 83 and 81 kDa isoforms ( Fig. 2A, lanes 9, 11, 13, 14, 15, 16, 17, 18) . The nonreducing gel revealed only the 88 kDa isoform at pH 2-5, when the protein was modified with iodoacetic acid in the presence of DTT (Fig. 2B, lanes 1, 3, 5, 7 ). At pH 6-8, similar treatments showed predominantly the 88 and 85 kDa isoforms (Fig. 2B, lanes 9, 11, 13 ) and at pH 9-10 all four isoforms (88, 85, 83 and 81 kDa) in almost equal amounts (Fig. 2B, lanes 15, 17) . Without DTT, only phloem exudate collected into buffers at pH 2 (Fig. 2B, lane 2) and pH 8-10 did not form insoluble gels. The decreased amount of protein and the appearance of higher molecular mass aggregates in the non-reducing gel as compared with the reducing gel at pH 8-10 indicate that soluble polymers of PP1 are present in alkaline solutions (compare Figs 2A and B, lanes 14, 16, 18) .
To determine if polymerization of the phloem filament protein could be completely inhibited under alkaline Conformational isoforms of phloem protein 1 conditions, increasing amounts of the chelating agent EDTA (5, 10 and 20 mM) were added to alkaline exudate buffers. EDTA chelates trace amounts of divalent metal ions that catalyse the autooxidation of thiols by molecular oxygen, which is enhanced at elevated pH (Creighton 1995) . Polymerization of the phloem filament protein was inhibited and the 88 kDa isoform predominated with the addition of 20 mM EDTA at pH 9 in the absence of either reducing or alkylating agents (data not shown).
EM visualization of P-protein structures
Negatively-stained phloem exudates collected in buffers at pH 2 or pH 8.2 showed dramatic structural differences when viewed at low magnification by electron microscopy (Fig. 3) .
Low magnifications provide an overview of the structures that occur in the respective treatments. Phloem exudates collected in a buffer at pH 2.0 with addition of 20 mM EDTA contained small, nearly circular structures with a sharp edge of negatively-stained material, distributed over the entire grid (Fig. 3A) . Some of these circular structures were oriented in lines, occasionally forming short membrane-like structures reminiscent of the tubular form of P-protein (Cronshaw and Sabnis 1990) . Under high magnification the circular structures have the appearance of small gelled aggregates. The structures changed in shape when the exudate was isolated in a buffer at pH 2.0 in the presence of reducing agent (Fig. 3B) The short filaments were extensively branched, and in many areas, the filaments lost their organized structure and extended into an amorphous gel. In contrast to the low pH treatments, phloem exudate collected in buffer at pH 8.2 under reducing conditions had an extensive network of large complex filaments, several microns in length, among a background of amorphous material (Figs 3C and D) . These large filaments were also in close association with irregular amorphous structures of different sizes.
The 88 kDa isoform of the phloem filament protein is translocated
Phloem exudates from intergeneric grafts of C. sativus scions on C. maxima rootstocks were analysed to determine the form of the translocated phloem filament protein. It was previously shown that variation in molecular masses (Golecki et al. 1998 ) and antigenicity (Golecki et al. 1999) can be used to distinguish between P-proteins of the respective genera. Figure 4A shows non-reducing SDS-PAGE of the phloem filament protein from two 22-d-old approach grafts of C. sativus scions on C. maxima rootstocks and their respective ungrafted control plants. The translocated isoform of the phloem filament protein was 'acid trapped' by diluting phloem exudates from the C. sativus scions in buffer at pH 2.0 containing 20 mM EDTA. Both C. sativus scions show a prominent additional protein that corresponds to the 88 kDa isoform of the respective C. maxima rootstock and ungrafted control plant. The additional protein was absent in phloem exudates collected from the C. sativus control plant. The 88 kDa isoform of the phloem filament protein cross-reacted
Conformational isoforms of phloem protein 1 with the PP1-specific antisera (Fig. 4B ) and was detected in the C. sativus scion at distances of 10-13 or 23-30 cm above the graft union. Overdeveloping the immunoblot also revealed a low-abundance protein of approximately 96 kDa that cross-reacted with the PP1-specific antiserum.
Tryptic digests reveal protected regions in the 88 kDa isoform
Conformationally blocked regions within the translocated 88 kDa isoform of the phloem filament protein were shown by proteolysis with trypsin (Fig. 5) . This endoprotease typically cleaves peptide bonds at the carboxy-terminal side of lysine and arginine residues. The mature phloem filament protein is composed of 801 amino acids containing 85 lysine and 35 arginine residues equally distributed over the polypeptide sequence (Clark et al. 1997) . If all potential cleavage sites were exposed, the protein would be completely degraded by the endoprotease to peptides less than 2.9 kDa. However, under non-reducing conditions, proteolysis resulted in three major protease-resistant polypeptides of M r 18.5, 22.3 and 25.5 kDa (Fig. 5, lanes 2, 3, 4) . Since the arrangement of these protected polypeptides changed when the protein was digested under reducing conditions, it is likely that the protein was stabilized and protected against the protease by peripheral intramolecular disulfide bonds. DTT-insensitive disulfide bonds within the phloem filament protein resulted in a range of trypsin-resistant polypeptides, the largest of which had a molecular mass of 31 kDa (Fig. 5, lanes 6, 7, 8) .
Thermal instability of the phloem filament protein also shows conformationally blocked regions
Proteins exposed to non-physiological conditions, such as those encountered during preparation for SDS-PAGE, often show alterations in their structural and chemical integrity. Spontaneous, non-enzymatic deamidation of asparagine residues at Asn-Gly and Asn-Ser followed by hydrolysis of peptide bonds can occur in neutral-to-basic solutions, while the preferential hydrolysis of a peptide bond at aspartic acid residues at the C-terminal side can be observed for proteins boiled in SDS solution under acidic conditions (Volkin et al. 1995) . The combination of the denaturants (SDS), high temperature (boiling) and acidic buffers (pH 2) showed an additive affect in enhancing the destabilization of the phloem filament protein by peptide bond-hydrolysis (Fig. 6, lanes 1,  2, 3, 4) . Despite the harsh treatment, the cleavage pattern and the size of the resulting fragments were not random since identical cleavage products were observed with and without reduction by DTT (Fig. 6, lanes 2, 4) . The impact on the stability of the phloem filament protein by SDS and high temperature at pH 8.2 was much less significant than at pH 2 (Fig. 6, lanes 5, 6) . In comparison to the acidic hydrolysis, only a few PP1-fragments with different sizes could be identified. Furthermore, the amount of these cleavage products could be enhanced by increasing the pH to 9.6, which resulted in a specific pattern of polypeptides of approximately M r 64, 52, 45, 38 and 31 kDa (Fig. 6, lanes 7, 8) . 
Discussion
The self-assembly model presented by Read and Northcote (1983a, b) illustrating the mechanistic aspects of phloem filament protein folding and polymerization, focused exclusively on the formation of disulfide bonds within and between phloem filament protein monomers and dimers of the phloem lectin. Their studies of PP1 unfolding and folding by in vitro re-oxidation of the reduced polypeptide were based on the assumption that all the information required for the formation of the native three-dimensional structure is encoded in its amino acid sequence and, therefore, predicts the in vivo formation of highly ordered PP1-filaments and bodies. Furthermore, they considered that the folding process and the interaction within filaments and bodies is autonomous and not influenced by other proteins or cellular components. According to this model, PP1 monomers are thought to self-aggregate by means of disulfide linkages, forming soluble polymers in vivo and an insoluble matrix by continued cross-linking under oxidative conditions.
Due to the complexity of the heteropolymeric polypeptide chain with its large variety of non-polar, polar and dissociable side chains, it is unlikely that the conformational structure of the filament protein can be predicted on the basis of its primary structure alone, especially when the formation of multiple disulfide bonds is considered. Assuming that the stability, conformation and assembly of PP1 polymers rely on correct disulfide bond formation, previous investigations of its native folding state and disulfide formation under alkaline (pH 7-9) experimental conditions needed to be reconsidered. Under these conditions thiols often ionize and their tendency to be buried in a defined three-dimensional structure is decreased (Creighton 1995) . Folding intermediates of proteins often exhibit lower stability than their native counterparts and are susceptible to aggregation. According to Jaenicke (1995) , inappropriate subunit interactions by folding intermediates or mis-folded proteins can lead to electron microscopic visible irregular networks of highly structured particles at least 10 times the size of the native state.
The intramolecular arrangement of disulfide bonds leading to conformational changes within the phloem filament protein of cucurbit phloem exudates was initially examined by two methods, sequential acidification and alkylation of free thiol groups. These methods can be combined to 'trap' native thiol and disulfide species by decreasing the thiol-disulfide exchange reaction and covalently modifying exposed reactive thiols (Darby and Creighton 1995) . The oxidative reactivity of the thiolate ion decreases by about an order of magnitude for each decreasing pH unit, lowering the probability of intramolecular disulfide rearrangements by about 10 6 -fold when the pH of the collection buffer is changed from pH 8 to 2 (Darby and Creighton 1995) . Acid trapping experiments reveal that the phloem filament protein is present in phloem exudates as an 88 kDa globular protein that can rapidly ionize to form highly-reactive conformational isoforms when diluted in buffers over a wide pH range. The presence of the 85 and 83 kDa PP1 isoforms appear to correlate with the formation of insoluble gels in the absence of reducing agents in the collection buffer. Alosi et al. (1988) found that phloem exudate gels rapidly when diluted in neutral or alkaline aqueous solutions, with maximum rates occurring above pH 8, and that the time required for the gelation slowed in buffers lower than pH 6.5. The 88 kDa isoform predominates when the pH is decreased in the collection buffer from pH 5 to 2, and at pH 2 gelation is completely inhibited. Although the rate of gelation increases with increasing pH, we found that the extent of insoluble gelation was greatest at pH 6-7 and that above pH 8 soluble polymers predominate. These results provide direct evidence for the hypothesis that dilution induces conformational changes in the phloem filament protein, exposing previously buried sulfhydryl groups that cross-link under oxidative conditions (Alosi et al. 1988) . Read and Northcote (1983a) reported the presence of both PP1 monomers and polymers in phloem exudates. They asserted that iodoacetamide-modification of free sulfhydryl groups prevented the oxidation of PP1-filaments by modifying cysteine residues, so that the filaments in phloem exudate isolated at pH 8.2 were maintained intact with the degree of polymerization found in vivo. The acid trapping experiments indicate that the 88 kDa phloem filament protein is the only form present in the mobile phase of the phloem sap and represents the translocated form of PP1. Indeed, the intergeneric grafting experiments confirm these results (see Fig. 4 ). Even with iodoacetamide modification, changes in the conformation of the protein can reveal previously unexposed and therefore, unmodified reactive thiol groups. In addition, not all cysteine residues are equally modified. The proximity of an amino group with its positive charge near the cysteine residue increases the rate of sulfhydryl alkylation and conversely the proximity of a carboxyl group, or lengthening of the chain between sulfhydryl and amino groups diminishes the reaction rate (Torchinskii 1974) . Both situations exist within the amino acid sequence of this protein (see Clark et al. 1997 for sequence information).
Further evidence that filaments are normally absent in phloem exudates was obtained by negatively staining protein in diluted exudate samples and observing structural differences by electron microscopy. Kleinig et al. (1975) and Kollmann et al. (1970) used this technique to view oxidatively reconstructed filaments from either total phloem exudate or purified phloem filament protein. In those studies, negatively stained total phloem exudate resulted in filaments that were several micrometers in length; staining at pH 7.2 revealed homogeneously dispersed 4-nm filaments, whereas staining at pH 4.5 revealed 9-nm filaments that were prevalent in groups (Kollmann et al. 1970) . We compared filament formation in 'acid trapped' samples at pH 2.0 (+ 20 mM EDTA or DTT) with the high pH buffer (pH 8.2 + 20 mM DTT) described by Read and Northcote (1983a) to determine if structural differences could be observed when oxidation of phloem exudate proteins is minimized. An extensive network of large complex filaments was observed when phloem exudate proteins were diluted in buffer at pH 8.2, even in the presence of a reducing agent. In contrast, large filaments are not present when phloem exudate proteins are isolated at low pH (pH 2, 20 mM EDTA), although distinct circular aggregates can be observed. Substituting reducing agent for the chelator in the low pH buffer results in the formation of small filamentous structures extending into amorphous gels. Considerable caution must be used when interpreting the results of EM observations of negativelystained phloem proteins. For example, non-specific protein-protein interactions could occur during preparation when concentrating the proteins on the grid, or the use of a high pH stain could induce conformational changes in the proteins. Nonetheless, it is clear that the large filaments that are typically seen in electron micrographs of sieve elements are not present in exudates when the thiol-disulfide exchange reaction is minimized.
Immunological detection of the phloem filament protein in its filamentous form is observed in electron micrographs of sieve elements of Arabidopsis thaliana leaves fixed by high pressure freezing of the phloem tissue combined with freeze-substitution procedures (Tóth et al. 1994) . Freezeetch preparations also show filamentous P-protein in sieve elements (Johnson 1968 (Johnson , 1969 (Johnson , 1973 (Johnson , 1978 . Although the phloem filament protein appears to be translocated as individual subunits of the globular protein, these data indicate that the filamentous form is present in vivo and is not an artefact of standard fixation procedures. The biochemical data raise questions concerning the validity of the models describing the topology and formation of the filaments. While the biochemical data are limited, results from a number of different plant species, recorded by electron microscopy, indicate that filamentous P-protein is associated with endomembranes in sieve elements and arises from P-protein bodies during differentiation of the sieve element-companion cell complex (Cronshaw and Sabnis 1990) . This suggests that the organization of the phloem filament protein into filaments is developmentally regulated in the transient P-protein bodies of nucleate sieve elements and could involve chaperone-mediated folding of the unfolded protein after trafficking through pore-plasmodesma contacts from companion cells. During selective autophagy, the changing redox status of the sieve element in combination with filament-associated proteins, such as the phloem lectin, could mediate transitions between the polymerized and unpolymerized states.
